We report the experimental observation of simultaneous control of two four-wave-mixing fields via an induced atomic spin coherence formed by a Raman process with one coupling field and one probe field in a triple--type 85 Rb atomic system. It is shown that by changing the atomic density, intensity, or detuning of the coupling field, the relative intensities of the two four-wave-mixing fields can be manipulated. This behavior can be explained as the change in the spin coherence for varying the coupling field intensity and the large difference in the attenuation coefficients of the two produced four-wave-mixing fields for varying the atomic density. This controlling process may find applications in coherent control of nonlinear optical processes and quantum information processing.
I. INTRODUCTION
Electromagnetically induced transparency (EIT) [1] [2] [3] has attracted considerable interest in recent years due to its promising applications. In the simplest -type three-level system, when the two-photon resonance condition is satisfied, a coherent superposition state (i.e., dark state [4] ) composed of only the two lower states is formed, which is decoupled from the applied laser fields due to destructive quantum interference. By using this dark state, many special effects in both -type and double -type system and their interesting applications have been extensively examined. The enhancement of the efficiency of the nondegenerate four-wavemixing (FWM) processes based on EIT has been theoretically and experimentally demonstrated [5] [6] [7] [8] , which benefits from the cancellation of resonant absorption and, at the same time, the resonant enhancement of optical nonlinearity. In order to realize quantum information processing, the creation of quantum correlated or entangled photons and quantum memory via the atomic coherence in an atomic ensemble with the EIT-based double--type system has been actively studied for the past decade [9] [10] [11] [12] [13] [14] [15] [16] . Generally, for enhancing the nonlinear optical processes in atomic or molecular vapors, a large optical depth is required, which can be easily obtained by increasing the sample temperature. However, as demonstrated experimentally and theoretically in Refs. [17] [18] [19] , stimulated Raman scattering would compete with EIT and become dominant at high atomic density in the conventional EIT configuration and should not be neglected, which, in fact, can be attributed to an FWM process.
In previous investigations on the generation of quantum correlated or entangled photon pairs either through Raman scattering [11] [12] [13] [14] [15] or EIT-based FWM [16] in the double--type system, the generation of one photon is always accompanied by the generation of another photon, that is, their enhancement or suppression would take place synchronously; however, the control of the relative strengths of the twin fields cannot be realized. In this paper, in order to investigate and optimize the correlation or anti-correlation properties of the * yangxih@yahoo.com.cn † mxiao@uark.edu two generated FWM fields, which depends critically on the relative intensities of the two fields, we study the simultaneous control of the relative strengths of two FWM fields realized via an atomic spin coherence produced with the coupling and probe fields by changing the atomic density, the intensity, or detuning of the coupling field in a triple--type 85 Rb atomic system, considering the stimulated Raman scattering in the conventional EIT configuration. This controlling process paves the way for further studies on the coherent control of nonlinear optical processes and quantum information processing. Figure 1 (a) schematically shows the relevant energy levels and the applied laser fields and corresponding generated fields, forming a triple--type system. Levels |1 , |2 , and |3 correspond to the ground-state hyperfine levels 5S 1/2 (F = 2), 5S 1/2 (F = 3), and the excited state 5P 1/2 in the D1 line of 85 Rb, respectively, where the ground-state hyperfine splitting is 3.036 GHz. The probe field E 1 (frequency ω 1 and Rabi frequency 1 ) and coupling field E 2 (Rabi frequency 2 ) are tuned to resonance with the transitions |1 -|3 and |2 -|3 , respectively. An FWM field E a (i.e., an anti-Stokes field) with Rabi frequency a can be produced through the nondegenerate FWM process in the upper double-subsystem by applying a third mixing field E 3 with Rabi frequency 3 [generated from the coupling field with an 812-MHz acousto-optic modulator (AOM)] to off-resonantly couple levels |2 and |3 . Moreover, as extensively studied in Refs. [16] [17] [18] , another FWM field E S (i.e., a Stokes field) with Rabi frequency S can be efficiently created through the nondegenerate FWM process in the lower double-subsystem for high coupling power and high atomic density. In fact, the two simultaneously generated FWM fields discussed above can be equivalently regarded as scattering the mixing and coupling fields off the coherent atomic spin wave (ρ 12 ) produced by the coupling and probe fields in the middle -type three-level EIT configuration, where the induced spin wave acts as a frequency converter with frequency equal to the separation of the lower states [1, 7, 8] . The equivalent configuration is shown in Fig. 1(b) , which is different from the double--type system used to simultaneously produce quantum correlated or entangled Stokes and anti-Stokes photons through Raman
II. EXPERIMENT
The triple--type system of the D1 transition of 85 Rb atom coupled by probe E 1 , coupling E 2 , and mixing E 3 laser fields, where the coupling field drives both |1 |3 and |2 |3 transitions, and the two corresponding generated FWM fields E S and E a can be equivalently regarded as scattering the coupling and mixing fields off the atomic spin coherence ρ 12 created by E 1 and E 2 fields in the middle a -type three-level EIT configuration. (b) The equivalent configuration of (a) with the two lower states driven by the induced coherent spin wave ρ 12 . (c) Square-box beam geometry used in the experiment.
scattering [11] [12] [13] [14] [15] in that a spin coherence (ρ 12 ) between the two lower states is created in advance, which plays an essential role in the manipulation of the two generated FWM fields. It should be noted that in the above excitation processes, as the relatively weak mixing and probe fields are far detuned from the resonant transitions |1 -|3 and |2 -|3 , respectively, the downconverted frequency component (i.e., a Stokes field) of the mixing field generated through a FWM process and the upconverted frequency component (i.e., an anti-Stokes field) of the probe field generated through another FWM process can be neglected [5] [6] [7] [8] [16] [17] [18] . In our experimental setup, these two weak components propagate in different directions (dictated by the phase-matching conditions), so we can easily separate them from the above two FWM fields E S and E a , and do not take them into account.
The experimental setup is similar to that used for generating the FWM signal in Ref. [20] . The three input laser beams are carefully aligned spatially on the three corners of a square-box pattern as indicated in Fig. 1(c) . The coupling laser beam (with a waist radius of ∼350 µm and wavelength of ∼794.98 nm) from a cw Ti:sapphire laser is horizontally polarized and has a power of ∼40 mW. The mixing laser beam (with a waist of ∼320 µm and a vertical polarization) is produced from the split beam of the cw Ti:sapphire laser by using an AOM. The vertically polarized probe beam (with a wavelength of ∼795.00 nm and a waist similar to that of the coupling beam) is from an external cavity diode laser. After combining on a polarizing beam splitter, the three laser beams with their respective waists nearly at the center of a 7.6-cm-long Rb vapor cell are aligned to have a spatial overlap and propagate through the atomic medium in the same direction with small angles (∼0.3
• ) between them. Such an arrangement satisfies the two-photon Doppler-free condition for the -type subsystems [20, 21] . The generated FWM field E S with vertical polarization and the FWM field E a with horizontal polarization are in the direction at the same coupling-probe angle, but on the opposite side to the coupling beam and the direction at the lower right-hand corner of the right-hand square box in Fig. 1(c) , respectively, satisfying the phase-matching conditions. These two signals are detected by two avalanche photodiode detectors. The transmitted probe beam is simultaneously monitored by a silicon photodiode. The Rb vapor cell consisting of both 85 Rb and 87 Rb isotopes with 3-Torr Ne buffer gas is wrapped in µ-metal for magnetic shielding, and typically operated at the temperature of approximately T = 85
• C (corresponding to an atomic density of ∼ 2 × 10 12 cm −3 ).
III. RESULTS AND DISCUSSION
Figure 2(a) shows the transmission spectrum of the probe field at the D1 lines of 85 Rb and 87 Rb as a function of the probe detuning p = ω 1 − ω 31 from the 5S 1/2 (F = 2)-5P 1/2 (F = 3) transition, with the coupling field tuned to resonance with the 5S 1/2 (F = 3)-5P 1/2 (F = 3) transition at a temperature of approximately T = 85
• C, E 1 = 3 mW, E 2 = 40 mW, and E 3 = 2 mW (with corresponding Rabi frequencies of approximately 1 = 25 MHz, 2 = 90 MHz, and 3 = 15 MHz, respectively). The frequency of the coupling field is accurately determined with the saturated absorption spectrum by another reference Rb cell. As seen in Fig. 2(a) most of the atoms in the 5S 1/2 (F = 3) state are optically pumped into the 5S 1/2 (F = 2) state by a strong coupling field. When the probe field is tuned to resonance with the transition 5S 1/2 (F = 2)-5P 1/2 (F = 3), a narrow EIT window is observed due to the two-photon Doppler-free configuration used in the Doppler-broadened atomic medium [21] (the relatively weak transparency is due to the high cell temperature [17, 18] ), and the two corresponding generated FWM signals E S and E a are shown in Figs. 2(b) and 2(c), respectively. In what follows, we will study how the relative intensities of the two FWM fields can be controlled by varying the experimental conditions.
The intensities of the two FWM fields as functions of the atomic density are displayed as the dots in Figs. 3(a) and 3(b) , respectively. At very low atomic density, hardly any FWM signals can be detected. When the atomic density increases, the FWM field E a increases very rapidly and reaches a maximum at an atomic density of ∼1 × 10 12 cm −3 , whereas the FWM field E S is still too weak to be observed. A further increase in temperature leads to a rapid decrease of the FWM field E a and an initial slow increase of the FWM field E S , followed by a sharp rise. After reaching a very large value at a higher atomic density of approximately N = 9 × 10 12 cm −3 , the FWM field E S reduces gradually, whereas the FWM field E a becomes too weak to be observed. The dominant FWM field E S at high atomic density recently has been experimentally and theoretically studied [17, 18] . This shows that the relative strengths of the two FWM fields can be controlled by varying the cell temperature.
Since the variation of the Rabi frequency ratio between the coupling and probe fields can lead to a change in the atomic spin coherence [1, 7, 8] , another effective way of manipulating the relative intensities of the two FWM fields can be realized by varying the coupling field power. As shown as the dots in Fig. 4 , when the coupling field power is very low, both FWM fields are weak. With an increase in the coupling field power, the FWM field E S strengthens steadily and then saturates at a high enough coupling field power, which is consistent with the result in Ref. [18] . However, the FWM field E a increases rapidly to reach a maximal value at a coupling field power of ∼5 mW (corresponding to a Rabi frequency of ∼30 MHz), and then decreases gradually, where the strongest signal is produced near the point to have a maximal atomic coherence between the two lower states. A similar behavior of having a maximal FWM signal generation at a certain coupling field power was also reported earlier [6] . This clearly indicates that the atomic spin coherence ρ 12 plays an essential role in manipulating the two generated four-wave-mixing fields. Note that a further increase in the coupling field intensity (for example, E 2 of ∼100 mW) can lead to a near disappearance of the FWM field E a . In addition, we have studied the dependence of the intensities of the two FWM fields on the detuning of the coupling field as well, and found that nearly the same order of magnitude of the intensity of the FWM field E a can be obtained with the mixing field tuned near resonance to the transition 5S 1/2 (F = 3)-5P 1/2 [6] . However, the FWM field E S decreases and eventually disappears within the detuning of the coupling field that is nearly equal to the Doppler width (∼600 MHz). Therefore, the relative intensities of the two FWM fields can be manipulated by changing the intensity or detuning of the coupling field, which may be used for coherent control of nonlinear optical processes.
An intuitive and qualitative explanation of the above observed phenomena can be seen from Fig. 1(a) . Since every photon generation of the FWM field E S (or E a ) is accompanied by depletion of two coupling photons (or one probe photon and one mixing photon) and the generation of one probe photon (or one coupling photon), the two processes for producing the two FWM fields share the same coupling and probe fields, but act quite differently and compete with each other, that is, if one process is enhanced, then the other process would be suppressed. The competition between the two FWM processes indicates that the two FWM fields are anticorrelated, which is different from the correlated nature of the photon pairs generated through Raman scattering [11] [12] [13] [14] [15] or EIT-based FWM [16] in the double--type system.
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To quantitatively understand the experimental results, a solution for the propagation equations used to generate the two FWM fields is needed. As seen in Fig. 1(b) , since the two generated FWM fields can be viewed as scattering the mixing and coupling fields off the coherent atomic spin wave, we can use the solution for the produced anti-Stokes field in Ref. [8] to treat the two FWM fields. With the rotating-wave approximation and ignoring the depletion of the atomic spin coherence and light shift, the Rabi frequency a (z) of the generated FWM field E a can be written as [8] 
where 3 (0) is the mixing field Rabi frequency at the entrance of the cell, k is the phase mismatch,
2 + β 3 β a |ρ 12 | 2 with complex propagation constants β a and β 3 of the FWM field E a and mixing field, and α ± is the sum and difference of their attenuation coefficients. A similar expression for the Rabi frequency S (z) of the generated FWM field E S can be obtained by replacing 3 (0) with 2 (0), and exchanging the states |1 and |2 and the relevant parameters.
Equation (1) can be used to account for the experimental results shown in Figs. 3 and 4 . In the case of large laser field detuning, the attenuation coefficient is reversely proportional to laser field detuning [7, 8] . As the Rabi frequency of the generated field is approximately proportional to the product of an exponential decay function determined by the attenuation coefficient and a sinusoidal function determined by the optical depth, the signal peak of the FWM field E a will appear first, followed by the signal peak of the FWM field E S with an increase of the atomic density, which results from the large difference in the attenuation coefficients of the two FWM fields, where the detuning (∼3 GHz) of the FWM field E S is far larger than that (∼800 MHz) of the FWM field E a . This means that the relative positions of the two signal peaks can be manipulated by tuning the mixing field frequency. Moreover, since the Rabi frequency of the FWM field E S (or E a ) is approximately proportional to the product 2 ρ 12 [equal to
2 )] (or ρ 12 ), the FWM field E a reaches its maximum when ρ 12 nearly approaches its maximal value of −0.5, and the FWM field E S monotonically grows with an increase in the coupling field power until it saturates at a high enough coupling field power.
The solid lines in Figs. 3(a) , 3(b), 4(a), and 4(b) are the results calculated by using Eq. (1) with the relevant experimental parameters except for the complex propagation constant being ∼1.5 times smaller than the calculated value with the formula in Ref. [8] . It can be seen that the calculated results are in reasonable agreement with the experimentally measured data. The slight differences may result from the approximations of neglecting the decay of spin coherence due to collisions and transit effects. In addition, the neglected downconverted (or upconverted) frequency component of the mixing field (or the probe field), hyperfine levels in the excited state and magnetic sublevels of each hyperfine level, and extra absorption from the 87 Rb atoms in the calculation could also contribute to errors in comparing with the experimental results.
IV. SUMMARY
In conclusion, we have experimentally demostrnated simultaneous control of the two generated four-wave-mixing fields via atomic spin coherence in a triple--type 85 Rb atomic system by changing the atomic density, the intensity, or detuning of the coupling field. The realization of the manipulation results from the change in the spin coherence by varying the coupling field intensity and a large difference in the attenuation coefficients of the two produced four-wave-mixing fields for varying the atomic density. This controlling process paves the way for our further investigation on the correlation or anti-correlation properties of the two generated FWM fields and subsequent applications in quantum information processing, as well as on coherent control of nonlinear optical processes. Also, this study has provided the full story needed for investigating typical double-systems, especially at high atomic density and high coupling field power.
